Endogenous tumor suppression provides a barrier against oncogenesis, but the molecular requirements of this process are not well understood. Here, we show that the dual specificity phosphatase PTEN, a gene almost universally altered in human tumors, silences the expression of survivin, an essential regulator of cell division and apoptosis in cancer. This pathway is independent of p53, involves active repression of survivin gene transcription, and is mediated by direct occupancy of the survivin promoter by FOXO1 and FOXO3a factors. Conditional deletion of PTEN in the mouse prostate causes deregulated induction of survivin before full-blown transformation in vivo, whereas expression of survivin and PTEN is inversely correlated in cancer patients. Therefore, silencing the survivin gene is an essential requirement of endogenous PTEN tumor suppression. [Cancer Res 2009;69(12):4954-8] 
Introduction
The dual specificity phosphatase PTEN (Phosphatase and Tensin homologue deleted from chromosome Ten) functions as a nodal regulator of multiple signaling pathways that control cell proliferation, cell survival, and cell size (1) . By removing the D3 phosphate from the lipid second messenger phosphatidylinositol triphosphate, PTEN shuts off growth factor receptor stimulation, and interrupts downstream signaling mediated by Akt and PDK1 kinases (2) . This pathway provides a broad network of tumor suppression, not only by antagonizing cell proliferation and promoting apoptosis, but also by maintaining chromosomal integrity (3) , and directly cooperating with p53-dependent responses (4) . In this context, the PTEN pathway is almost universally disabled in human cancer (1) , often involving deletion of the PTEN gene in common malignancies of prostate, brain, breast, and colon (5) . Although Forkhead transcription factors of the FOXO subfamily have been shown to contribute to PTEN signaling (6) , their downstream target genes potentially cooperating in tumor suppression have not been conclusively identified (7) .
Survivin is a unique member of the Inhibitor of Apoptosis (IAP) gene family with essential roles in mitosis, the cellular stress response, and inhibition of cell death (8) . These properties are exploited in cancer, where survivin is universally overexpressed, and promotes unfavorable outcome (8) . Although several signaling pathways, including Akt (9), have been associated with elevated survivin levels in cancer, the interplay between oncogenic mechanisms and tumor suppression networks in controlling survivin gene transcription has remained largely elusive.
In this study, we investigated the effect of the PTEN pathway on the expression of the survivin gene.
Materials and Methods
Cells and antibodies. Breast adenocarcinoma MCF-7 and MDA-MB-231, and prostate adenocarcinoma PC3 cells were obtained from the American Type Culture Collection. p53 +/+ or p53 À/À colorectal cancer HCT116 cells were kindly provided by Dr. Bert Vogelstein (Johns Hopkins University, Baltimore, MD). MCF-7 cells stably expressing survivin (MCF-7 SVV) were described previously (10) . MDA-MB-231 cells stably transfected with the proximal 830 nt of the mouse survivin promoter fused to GFP (ms-830-GFP) were as described (11) . A lentiviral plasmid encoding control pLKO or PTEN-directed short hairpin RNA (Open Biosystems) was transfected into 293T packaging cells together with pCMVD8.9 and pMDG to generate lentiviruses. MCF-7 cells were infected with control or PTEN-directed lentivirus, and positive clones were selected in 1 Ag/mL Puromycincontaining (Sigma) medium. Antibodies to PTEN, phospho-AKT (S473), cleaved caspase 3 (Cell Signaling), XIAP, GFP (BD Biosciences), FOXO1, FOXO3a, 14-3-3h (Santa Cruz Biotechnology), RNA Polymerase II, IgG (Active Motif), survivin (Novus Biologicals), or h-actin (Sigma) were used. RNA and protein analysis. Total RNA (Qiagen) was reverse-transcribed (Invitrogen), and amplified with primers for survivin, 5 ¶-GCATGGGTGCCCC-GACGTTG-3 ¶ ( forward) and 5 ¶-GCTCCGGCCAGAGGCCTCAA-3 ¶ (reverse); glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5 ¶-ACG-GATTTGGTCGTATTGGGCG-3 ¶ ( forward) and 5 ¶-CTCCTGGAAGATGGT-GATGG-3 ¶ (reverse); FOXO1, 5 ¶-AAGAGCGTGCCCTACTTCAA-3 ¶ ( forward) and 5 ¶-AGGCCATTTGGAAAACTGTG-3 ¶ (reverse); and FOXO3a, 5 ¶-GCAAG-CACAGAGTTGGATGA-3 ¶ ( forward) and 5 ¶-CTGGCGTAGGGAGTTCAGAG-3 ¶ (reverse). Protein expression was analyzed by Western blotting.
Transfections. h-Galactosidase-normalized survivin promoter luciferase activity (pLuc-3000, pLuc-1430, pLuc-649, and pLuc-441) was quantified as described (12) . Cells were transfected with SMARTpool siRNA directed to PTEN, FOXO1 or FOXO3a (Dharmacon), or nontargeted siRNA (10). LY294002 (Calbiochem) was used as a PI3 kinase inhibitor. MDA-MB-231 cells stably transfected with ms-830-GFP were transduced with adenoviruses encoding FOXO variants at 30 to 50 multiplicity of infection for 8 h, and harvested after 24 to 48 h.
Analysis of apoptosis. Cells transfected with pEGFP or PTEN-GFP were analyzed after 24 h by multiparametric flow cytometry using PE-Annexin V and 7-AAD staining (BD Biosciences; ref. 10), or, alternatively, for DNA content by propidium iodide staining and flow cytometry.
Chromatin immunoprecipitation. Colorectal adenocarcinoma HCT116 cells (4.7 Â 10 7 ) were fixed in 1% formaldehyde for 10 min at 22jC, lysed, and nuclear fractions were isolated before DNA shearing ( fragment size of 200-600 nt) by sonication. Samples were incubated with protein G magnetic beads (Active Motif) and various antibodies for 5 h at 4jC. The beads were precipitated, reverse cross-linked, treated with proteinase K, and DNA was amplified by PCR using primers for regions in the human survivin promoter containing putative FOXO binding sites (À1428 nt): 5 ¶-TGAGCTGAGATCA-TGCCACT-3 ¶ (forward), and 5 ¶-CTGGTGCCTCCACTGTCTTT-3 ¶ (reverse), or devoid of FOXO binding sites (À2269 nt): 5 ¶-TTGTTCCTTTCCTCCCTCCTGAG-3 ¶( forward), and 5 ¶-GTCAACTGGATTTGATAACTGCA-3 ¶(reverse). Primers to amplify FOXO binding sites in the p27
Kip1 promoter (13), or RNA polymerase II binding sites in the GAPDH promoter, were used as control.
Oncomine analysis. Oncomine data were reviewed for microarray analysis of differential gene expression in cancer versus matched normal tissues. Raw gene expression data were extracted for both PTEN and survivin from the same studies, and comparative analysis was performed using GraphPad Software (Prism 4.0). A P value was calculated using Spearman rank correlation test.
Histology. Five-micrometer sections cut from prostate tissues of 20 to 24-wk-old prostate-specific PTEN conditional knockout mice (14) were stained with antibodies to survivin or control IgG by immunohistochemistry, as described (11) .
Results and Discussion
PTEN regulation of survivin gene expression. Transfection of breast adenocarcinoma MCF-7 cells with PTEN-directed siRNA efficiently suppressed PTEN expression, by Western blotting (Fig. 1A) . This was associated with increased levels of endogenous survivin, compared with cultures transfected with nontargeted siRNA (Fig. 1A) . XIAP, another IAP family protein stabilized by survivin (8) , was also increased in MCF-7 cells after PTEN knockdown, whereas the levels of 14-3-3h were unchanged (Fig. 1A) . siRNA silencing of PTEN indistinguishably increased survivin expression in p53 +/+ or p53 À/À HCT116 cells, indicating that p53 was not required for this response (ref. 4 ; Fig. 1A ). Consistent with a transcriptional mechanism, PTEN knockdown resulted in a 2-fold increase in survivin mRNA, by reverse transcription-PCR (RT-PCR; Fig. 1B) , and increased survivin promoter activity, by luciferase reporter assay (Fig. 1C) . Accordingly, MCF-7 cells transfected with the proximal 830 nt of the survivin promoter fused to GFP (ms-830-GFP) exhibited increased number of GFP-expressing cells after PTEN silencing, by fluorescence microscopy (Fig. 1D) . In contrast, PTEN siRNA did not affect the expression of control pEGFP, and a nontargeted siRNA was ineffective (Fig. 1D) .
In complementary experiments, transfection of a PTEN cDNA in PTEN-null breast adenocarcinoma MDA-MB-231 or prostate adenocarcinoma PC3 cells resulted in nearly complete suppression of Akt phosphorylation on Ser473 (Fig. 2A) . This was associated with concentration-dependent reduction in endogenous survivin levels, by Western blotting (Fig. 2A) , and repression of survivin gene transcription, by luciferase promoter assay (Fig. 2B) . Similarly, downstream targeting of the PI3 kinase pathway with the pharmacologic inhibitor LY294002, or after transfection of a dominant negative (DN) mutant of the p85 regulatory subunit (p85D), suppressed survivin promoter-directed GFP expression in HCT116 cells (Fig. 2C) , and reduced endogenous survivin protein levels in MCF-7 cells (Fig. 2C and D) , respectively.
FOXO silencing of survivin gene transcription. The FOXO family of Forkhead transcription factors functions as potential effectors of PTEN signaling (7) . Accordingly, transduction of MDA-MB-231 cells with an adenovirus encoding a FOXO1 DN mutant increased endogenous survivin levels, compared with cultures transduced with wild-type (WT) FOXO1 (Fig. 3A) . Conversely, a constitutively active FOXO1 construct (ADA) slightly reduced survivin expression in MDA-MB-231 cells (Fig. 3A) . In control experiments, expression of FOXO1 ADA induced spontaneous apoptosis in transduced cultures, whereas FOXO1 WT or DN mutant had no effect, by DNA content analysis and flow cytometry (Fig. 3A) . In complementary experiments, siRNA silencing of FOXO1 or FOXO3a (Fig. 3B ) increased the expression of endogenous survivin in HCT116 cells, by Western blotting (Fig. 3B) , and enhanced survivin promoter luciferase activity (Fig. 3C) , compared with nontargeted siRNA. When analyzed in chromatin immunoprecipitation studies, FOXO1 and FOXO3a physically associated with a segment of the proximal survivin promoter (À1428 nt) containing putative FOXO binding sites, whereas an upstream region (À2269 nt) in the survivin gene was ineffective (Fig. 3D, left) . In control experiments, FOXO1 and FOXO3a also bound to the p27 Kip1 promoter, which is regulated via FOXO-dependent transcription (13) but not to an unrelated promoter, GAPDH (Fig. 3D, left) . Finally, stable short hairpin RNA silencing of PTEN in MCF-7 cells resulted in increased survivin expression (data not shown), and reduced formation of FOXO3a complexes with the survivin promoter, whereas FOXO1 interactions were less prominently affected (Fig. 3D, right) .
Survivin modulation of PTEN tumor suppression. Transfection of a PTEN cDNA in MCF-7 cells minimally affected cell viability, whereas the combination of PTEN expression plus the broad cell death stimulus, staurosporine, caused approximately a 2-fold increase in apoptosis, by multiparametric flow cytometry (Fig. 4A) . Stable expression of survivin in MCF-7 SVV cells reversed apoptosis induced by expression of PTEN plus staurosporine to background levels of untreated cells (Fig. 4A) , and reduced the extent of effector caspase 3 cleavage, by Western blotting (Fig. 4B) . When analyzed in vivo, the expression of survivin and PTEN was inversely correlated in published microarray data sets of patients with glioblastoma (P < 0.0001; ref. 15) , or colon cancer (P = 0.0017; Fig. 4C; ref. 16 ). In addition, conditional deletion of PTEN in the mouse prostate resulted in a dramatic increase in survivin expression at the earliest stages of prostatic tumorigenesis, i.e., atypical hyperplasia, which persisted in more advanced disease phases of carcinoma in situ and invasive carcinoma, in vivo (Fig. 4D) .
In summary, we have shown that PTEN-mediated tumor suppression (1) involves acute silencing of the survivin gene, and this response is mediated by binding of FOXO1 and FOXO3a factors to the proximal survivin promoter (6, 7) . This mechanism may contribute to the differential expression of survivin in many disparate types of cancer (8) , given that defects in the PTEN pathway, or deregulated Akt signaling, occur in nearly every human tumor (1) . Similar to PTEN (this study), other pivotal tumor suppressors, including p53 (17, 18) , APC (19) , or SIRT1 (20) have been shown to acutely silence the survivin gene, by different mechanisms. This suggests that maintaining low to undetectable levels of survivin is a general mechanism of an endogenous tumor suppression network, and provides a requisite to effectively antagonize neoplastic transformation.
Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.
